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In this first chapter, wireless power transfer is introduced by revisiting some of the historic developments
and discussing the fundamental principles and system aspects as well as looking at some applications.
1.1 Research Background
1.1.1 History of WPT
Before Nicolas Tesla, well-known wireless power transfer (WPT) endeavors, M. Hutin and M. LeBlanc
who designed transformer-based power systems for electric railway applications. This might be the
first WPT application described and that first patent on electric trains was granted in 1883[1]. In
1899, Nikola Tesla demonstrated wireless transmission experiment in Colorado Springs consists of a
gigantic coil in a large square building which rose a 60 m mast with a 1 m diameter copper ball at
the top. The coil was resonated at frequency of 150 kHz and 300 kW power was fed to the mast. RF
potential approaching 100, 000, 000 V was produced on the sphere[2]. In 2007, Witricity team from
Figure 1.1: Tesla experiment [2]
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Massachusetts Institute of Technology lead by Professor Marin Soljačić in Fig.1.2 demonstrated WPT
based on near field magnetically coupled resonators (MCR) which is able to transfer power across
mid-range gap. The gap distance is up to few-times the diameter of the coils. Their system essentially
consisted of two coupled resonators, over which, they were able to transfer enough energy to light
a common 60 W incandescent light bulb at 2 m and about 40% efficiency[2]. This is commonly
considered the inauguration of modern WPT. This changed the way how we see WPT in modern
day, from short range to mid-range and higher efficiency. Due to electrical grid is able to transport
electricity almost everywhere, medium range WPT would have many new applications in homes,
factories, and public facilities.
Figure 1.2: Witricity team from Massachusetts Institute of Technology [2]
1.1.2 WPT Principles
Nowadays, WPT is an umbrella term, referring to a number of different technologies for transmitting
the power wirelessly. They differ in their type of (electromagnetic) coupling and the typical range
of distances between the transmitter and receiver, as shown in Fig.1.3. The most distinct difference
between these technologies is the distance between the transmitter and receiver. In WPT the power
is transferred wirelessly via induction coupling (Short range), resonance coupling (Mid-range) and
radiative (Long range)[3]. By the use of these processes, electrical power is transmitted wirelessly
from one place to another without any interface.
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Figure 1.3: Types of wireless power transfer
• Near-field techniques (Short range)
Near-field WPT systems typically operate in a region which is smaller than one wavelength (λ) at
the operating frequency. In this region the oscillating electric and magnetic fields are separate and
power can be transferred via electric fields by capacitive coupling (electrostatic induction) between
metal electrodes, or via magnetic fields by inductive coupling (electromagnetic induction) between
coils of wire. These fields are not radiative, meaning the energy stays within a short distance of the
transmitter. In inductive coupling the energy transfer happens because of mutual induction. The
power transmitted, significant decrease with distance, so if the distance between the two "antennas"
Drange is much larger than the diameter of the "antennas" Dant very little power will be received.
Short range: up to about one antenna diameter: Drange ≤ Dant[4].This is the range over which
ordinary non resonant capacitive or inductive coupling can transfer practical amounts of power.
• Near-field techniques (Mid-range)
Recently, an additional region denomination started appearing in research and literature in the
context of WPT mid-range or mid-field WPT, stemming from in-between the typical near-field and
far-field. Resonant inductive coupling (electrodynamic coupling, magnetically coupled resonators)
is a form of inductive coupling in which power is transferred by magnetic fields between two resonant
circuits, one in the transmitter and one in the receiver. Each resonant circuit consists of a coil of
wire connected to a capacitor, or a self-resonant coil or other resonator with internal capacitance.
The two are tuned to resonate at the same resonant frequency. The resonance between the coils can
greatly increase coupling and power transfer, analogously to the way a vibrating tuning fork can
induce sympathetic vibration in a distant fork tuned to the same pitch. Resonant inductive coupling,
can increase the coupling between the antennas greatly, allowing efficient transmission at somewhat
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greater distances which is called mid-range WPT, although the fields still significant decrease.
Mid-range: up to 10 times the antenna diameter: Drange ≤ 10Dant[4]. This is the range over which
resonant capacitive or inductive coupling can transfer practical amounts of power.
• Far-field techniques (Long range)
Beyond about 1 wavelength (λ) of the antenna, the electric and magnetic fields are perpendicular
to each other and propagate as an electromagnetic wave such as radio waves, microwaves, or light
waves. This part of the energy is radiative, meaning it leaves the antenna whether or not there is a
receiver to absorb it. The amount of power emitted as electromagnetic waves by an antenna depends
on the ratio of the antenna’s size Dant to the wavelength of the waves λ, which is determined by
the frequency: λ = c/f . By using a high-gain antenna or optical system which concentrates the
radiation into a narrow beam aimed at the receiver, it can be used for long range power transmission.
From the Rayleigh criterion, to produce the narrow beams necessary to focus a significant amount
of the energy on a distant receiver, an antenna must be much larger than the wavelength of the waves
used: Dant ≫ λ = c/f [4]. Practical beam power devices require wavelengths in the centimeter
region or below, corresponding to frequencies above 1 GHz[4], in the microwave range or above.
Different system topologies are considered:
– Solar power from satellite to earth
– Earth to space station/satellite
– Satellite to satellite(s)
Figure 1.4: Solar satellite that could send electric energy by microwaves to a space vessel [1]
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1.1.3 WPT System Aspects
WPT systems allow power to be transferred from one electrical network to another without the need
for wires or exposed contacts. For a large number of diverse applications, this feature is highly
advantageous, and in certain cases has enabled new applications to be realized. The wireless power
transmission can be defined as the energy that can be transmitted from the transmitter to a receiver
through an oscillating magnetic field. In general a wireless power system consists of a "transmitter"
device connected to a source of power such as a mains power line, which converts the power to a
time-varying electromagnetic field, and one or more "receiver" devices which receive the power and
convert it back to DC or AC electric current which is used by an electrical load. At the transmitter the
input power is converted to an oscillating electromagnetic field by some type of "antenna" device[4].
The word "antenna" is used loosely here; it may be a coil of wire which generates a magnetic field, a
metal plate which generates an electric field, an antenna which radiates radio waves, or a laser which
generates light.
Figure 1.5: Wireless power transfer system aspects [4]
In this thesis, we look closely to one of resonant inductive coupling types which is magnetically
coupled resonators (MCR) WPT. MCR employs strongly coupled magnetic elements to transmit power
wirelessly and efficiently over a mid-range distance, where the adverse effects of the low coupling
coefficient between two coils traditionally used for inductive coupling are compensated by the high-
quality factor of the four-coil system to achieve higher efficiency[5]. Four-coil MCR system is consisted
of four coils which are, on power transmitting side: drive coil and Transmitter coil (Tx), on power
receiving side: Receiver coil (Rx), load coil, as shown in Fig1.6. MCR type is a novel non-radiative
wireless mid-range power transfer method that has been recently developed. The technology has the
advantages of long transmission distance, large output power, high efficiency, low electromagnetic
radiation, and the ability to be applied in complex environments, and avoids the bondage of power
lines. This technology has been applied to many fields, such as medical implantation, under water
electric vehicles charging, electric vehicles, house-hold appliances, aerospace and wireless sensor
networks and many other fields. Therefore, the theory and technology of MCR WPT have rapidly
become one of the research hotspots.
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Figure 1.6: Magnetic coupled resonance system [8]
The concept behind MCR systems is that high quality factor resonators exchange energy at a much
higher rate than losing energy due to internal damping. The structure and parameters of the coil
have a great influence on the quality factor and coupling coefficient. Therefore, by using resonance,
the same amount of power can be transferred at greater distances, in the regions of the near fields.
Resonant inductive coupling can achieve high efficiency at ranges of 4 to 10 times the coil diameter[4].
However, at the specific resonant frequency, the transmitting coil is over-coupled with the receiving
coil when the transmission distance is near. The frequency splitting phenomenon will appear in the
MCR WPT system, which leads to the decrease of output power and transmission efficiency[6]. In
order to response to the demand for transmission power and efficiency and degree of freedom of
receiver is more demanding in the application fields such as medical implantation and under water
vehicle charging, new approaches to solve this problem is required for MCR WPT type.
1.1.4 WPT Applications
Depending on the application, the respective WPT systems feature vastly different characteristics such
as physical sizes (or rather size restrictions), operating frequency bands and typical amounts of power
transferred, as gathered in Tab.1.1[1]. Some examples including charging portable devices, powering
medical implantable devices, position sensing, power supply in remote locations using aerial vehicles,
power supply for underground nuclear waste storage to achieve complete isolation, power supply for
under water vehicles, factory automation and charging electric vehicles.
Table 1.1: Conditions of examined coil
Device Size Frequency Power
Implants mm to cm kHz to GHz mW
Mobile Device 5-10 cm 0.1-13.56 MHz ≤5W
EV charger 0.5-1 m 100 kHz 3-10 kW
Trains 1-10 m kHz 10-100 kW
Transportation: Electric vehicles (EV) are cleaner, quieter and more efficient compared to internal
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combustion engine vehicles. Although the initial purchase cost is higher, price per distance traveled is
significantly lower for EV considering the difference between the electricity and gasoline price. Using
EV is therefore more cost effective. Furthermore, with the advancement of wireless power transfer, the
requirement for high storage batteries will be relaxed and thus the price will be even more competitive.
More importantly, the energy for EV can be generated from renewable sources such as solar power
and wind power. Moreover, wireless charging facility is safer, more durable, save space and does
not pollute the view with cables. Frequent charge in between usages is also possible in this mode of
charging.
Figure 1.7: Wireless charging bus
Biomedical: An area of particular interest for WPT applications is the biomedical sector. Powering
or charging implants wirelessly is interesting for many reasons such as not least because the non-
invasive power (and usually communication) links avoid risk of infection and greatly reduces discomfort
of the patient or user. However, it is evident that the implant usually has to be (very) small and
the distance to the transmitter is comparatively large as will be seen, these are both aspects which
considerably reduce achievable power transfer efficiency (PTE) levels. Depending on the application,
location and implant size, misalignment (e.g. due to unknown exact location and orientation) might
be an additional factor decreasing the PTE.
Figure 1.8: Bionic eye [1]
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1.2 Purpose of research
Recent work of MCR for wireless power delivery has shown a promising intersection between range,
efficiency (over 80%)[7], and delivered power. However, in practical uses, higher efficiency is always
prioritized, and changes in position of receiver disrupt system efficiency, which affects the ultimate
usability of these systems. Some techniques such as automatic frequency tuning[8]-[7], adaptive
impedance matching[8]-[7] and automatic capacitor control[9] are used to improve robustness of
the changing position of receiver in WPT. However, those techniques required additional complexity
systems such as feedback communication system from receiver which lead to high cost and space
limitation such as biomedical. And also side-effect such as wider bandwidth of frequency is required.
Therefore, the aim of this research is, to achieve high maximum efficiency of four-coil MCR type and
improve robustness of changing position of receiver by designing electron-ring shaped transmitter coil
and optimizing coil parameters. For the well-known atomic model in classic physics, electron moves
around nucleus and its orbit creates a ring shape around nucleus, which is similar to coil shape in our
proposed model, thus we named the coil as electron-ring shaped coil. Moreover, electronic devices
such as smart phones, laptops, biosensors, implantable or wearable devices tend to get smaller when
the time goes on. Small free space in electronics devices is also one of the challenging problems for
engineering. Hence, this thesis also considers small space in receiver devices as one of the factors.
Figure 1.9: Atom model and Proposed model coil
1.3 Structure of this paper
In this paper, research background, basic theory is first shown in Chapter 1 and Chapter 2. Chapter 3 is
parameters optimization and designing the shaped of proposed model, Chapter 4 describes simulation
setup and studied models, and Chapter 5 is simulation results. The conclusion is given in Chapter 6.
Chapter 2
Theoretical Fundamentals of WPT
In this chapter, we provide insight view of the most relevant electromagnetic fundamentals and the
basic results of systems of wireless power transfer basic theory as well as how to calculate some of
the most important parameters in magnetic coupled resonator wireless power transfer. Based on this
review, the motivations and goals of this thesis are outlined.
2.1 Electromagnetism Induction
2.1.1 General Definition of Electric and Magnetic Flux
In electromagnetism, electric flux is the measure of the electric field through a given surface, although
an electric field in itself cannot flow. It is a way of describing the electric field strength at any distance
from the charge causing the field. Electric flux and magnetic flux is proportional to the total number
of electric and magnetic field lines going through a surface. Both electric flux and magnetic flux can
be calculated by using equation below. ∮
E · dS = ΦE (2.1)
∮
B · dS = ΦB (2.2)
2.1.2 Faraday's Law
Faraday's law of induction is a basic law of electromagnetism predicting how a magnetic field will
interact with an electric circuit to produce an electromotive force (EMF) which is a phenomenon
known as electromagnetic induction. The most important underlying principle of WPT is Faraday's
9
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law [1] of induction, or rather it is generalization, given in differential form by the Maxwell-Faraday
equation
∇× E = −∂B
∂t
(2.3)
It states that time-varying changes in the magnetic flux density B cause disturbances in the electric
field E in the form of curls. To consider a conducting closed loop in such an environment, both sides
are integrated over the area enclosed by the loop Σ (A closed loop of enclosed area Σ is ∂Σ). Applying
Stokes'theorem on the left side of (2.3), the integral form of Faraday's law is obtained:∮
∂Σ






On other hand, Gauss's law describes the magnetic flux over a surface Σ as the surface integral:∮
Σ
B · dS = ΦB (2.5)
where, dS is an element of surface area of the moving surface Σ(t). For a loop of wire in a magnetic
field, the magnetic flux ΦB is defined for any surface Σ whose boundary is the given loop. Since the






E · dl (2.6)
Therefore, the induced electromotive force ε (EMF) in a coil is equal to the negative of the rate of




In the case of a conductive loop, EMF is the electromagnetic work done on a unit charge when it has
traveled around the loop once, and this work is done by the Lorentz force.
2.1.3 Ampere's Law
The magnetic field in space around an electric current is proportional to the electric current which
serves as its source, just as the electric field in space is proportional to the charge which serves as
its source. The second fundamental physical principle is governed by Ampere's circuital law or in its
generalized form called Ampere-Maxwell law. In differential form, it is given as
∇×H = J+ ∂D
∂t
(2.8)
It states that currents produce curls in the magnetic field. These currents can be both electric currents J
due to moving charges, as well as displacement currents ∂tD due to time-varying electric flux density.
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However, for most WPT considerations, the displacement current ∂tD ≈ 0 can be neglected[1], and
Ampere ’s original law ∇×H = J suffices. Integrating both sides over the area Σ of a closed loop
∂Σ and applying Stokes'theorem once more in (2.8), closed magnetic field lines can be related to their
enclosed currents: ∫∫
Σ






J · dS = I (2.9)
The inverse of Ampere's circuital law is the Biot-Savart law, in free-space, where B = µ0H. By using










where, R is the distance vector of the source point to the observation point. From (2.10), for currents
of finite lengths, the magnitude of the magnetic flux density |B| decays at least with 1/R2 away from
its source. This is one of the limiting factors of WPT: While the magnetic field of a current affects
all of space, its magnitude decays rather quickly, away from the current. Another way to express the









Magnetic vector potential, A, is the vector quantity in classical electromagnetism defined so that its
curl is equal to the magnetic field:
B = ∇×A (2.12)
An attractive property of the magnetic vector potential is that it aligns with direction of the current
(density) that causes it. The magnetic flux density can be calculated as
Φ =
∫
B · dS =
∫
(∇×A) · dS =
∮
∂Σ
A · dl (2.13)
2.2 Mutual Coupling
A changing current through the first wire creates a changing magnetic field around it by Ampere's
circuital law. The changing magnetic field induces an electromotive force (EMF or voltage) in
the second wire by Faraday’s law of induction. The amount of inductive coupling between two
conductors is measured by their mutual inductance. According to the Biot-Savart law (2.10), as long
as the geometry does not change, the magnetic flux density follows its producing current linearly,
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everywhere. Thus, the magnetic flux in the receiver loop (Σj) Φji is proportional to the transmitter
current Ii in the transmitter, where the proportionality coefficient is the so-called mutual inductance:
Φji = MjiIi (2.14)
Figure 2.1: Mutual coupling
Proportional constant Mij is the mutual inductance of two circuits and depends on the relative position
and orientation of the circuit structure. The electromotive force of the second loop due to the change








Mutual inductance is symmetric, so we can write Mij = Mji. To show this, we represent the magnetic
flux of the second loop with respect to the vector potential of the first loop. Therefore, from (2.13) the














Mutual inductance Mij is obtained as below.





















In the calculation of self-inductance, the part corresponding to the path ∂Σj in the mutual inductance
becomes its own path, ∂Σj of (2.17) is ∂Σi. Then, coupling coefficient is a coefficient representing
the degree of coupling between the transmitting coil and the receiving coil. A common coupling
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2.3 Resistance in WPT
2.3.1 Ohmic Resistance
Ohmic losses of coils is the main cause of efficiency degradation in MCR WPT systems. Many
applications of MCR WPT are made at a frequency higher than several megahertz. At a high frequency,
solid or tubular conductor wires are used to produce lower ohmic loss instead of litz wires because
resistance to skin effects Rskin as well as proximity effects Rprox rises considerably at a frequency
higher than several megahertz. Therefore, ohmic resistance Rohm[10] can be expressed as
Rohm = Rskin +Rprox (2.20)
Skin Effect Resistance
When an alternating current (AC) is passed through one lead wire, the higher the frequency, the more
difficult it is for the current to flow in the central portion of the lead wire, and the more the current
flows on the surface. This phenomenon is caused by the electromagnetic action of alternating current,
and becomes more remarkable as the electrical resistivity of the conducting wire is lower.
Figure 2.2: Skin effect
In the same way that an alternating magnetic field generates current loops, an alternating current
generates magnetic loops as well. Since magnetic loops are generated within the resistive material, it
creates such as shown in Fig.2.2 current loops. These current loops is called eddy currents. They are
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generated by the magnetic field and electromotive force generated by electromagnetic induction. The
direction of this eddy current is in the direction of blocking the current at the center of the conductor
and in the direction of inciting the current near the surface of the conductor, so that the skin effect





where, σ is conductivity、rc is copper wire cross section radius. And we can calculate the skin depth






Where, µ0 the permeability of free space. Therefore, for N turn spiral coil with ri at i-th turn radius,














Electromagnetic induction is also the cause of another effect known as proximity effect that can greatly
affect the AC resistance of a circuit. The proximity effect is observed when two or more nearby
conductors are carrying current. For the simplicity of the example two parallel wires carrying the
same AC current. If the frequency of the current is high enough, a magnetic loop will be generated
by one wire around itself. If the wires are close enough, the magnetic loop will cross the second wire
and generate, as explained previously, Eddy currents in another wire as shown in Fig.2.3. According
to [10], proximity effect resistance Rprox can be approximately calculated by using below equation.
Figure 2.3: Proximity Effect











Where, lcoil is length of coil and Hm is the uniform external magnetic field on the conductor and I0 is














By using (2.23) and (2.24) to calculate the skin effect resistance and proximity effect resistance for 3
turns spiral coil with radius of 50 mm and cross section radius of 2.2 mm with 15.6 mm pitch. The
result is shown as below.
Figure 2.4: Comparison of skin effect resistance and proximity effect resistance
From result above the resistance due to the proximity effect was very small comparing to the resistance
due to the skin effect. Moreover in the research, the coil is not completely spiral which reduce the
proximity effect resistance even smaller. Therefore, in this study, the resistance due to the proximity
effect is neglected in purpose of simplification of parameters optimization. Hence ohmic resistance
Rohm can be approximately calculated by using below equation.
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2.3.2 Radiation Resistance
WPT uses the same fields and waves as wireless communication devices like radio, another familiar
technology that involves electrical energy transmitted without wires by electromagnetic fields, used
in cellphones, radio and television broadcasting, and WiFi. In radio communication the goal is the
transmission of information, so the amount of power reaching the receiver is not so important, as long as
it is sufficient that the information can be received intelligibly. In wireless communication technologies
only tiny amounts of power reach the receiver. In contrast, with WPT the amount of energy received
is the important thing, so the efficiency (fraction of transmitted energy that is received) is the more
significant parameter. Therefore in this research, we calculate radiation resistance in wireless power
transfer as the same as small loop antenna. The radiation resistance is determined by the geometry of
the antenna and the operating frequency. The radiation efficiency of an antenna represents the ratio
of the power radiated in space, to the power accepted from the source excluding impedance mismatch





where Prad is radiated power and based on [12], radiated power can be expressed as below.








[|Eθ|2 + |Eφ|2]r2 sin θdθdφ (2.29)
According to [12], suppose that we consider the thin-wire elliptical loop antenna of arbitrary size
shown in Fig.2.5. Electric field components produced by an elliptical loop antenna may be expressed
as Eθ = 0Eφ = ηI0 kbx2 e−jkrr F (γ)J1(ξ) (2.30)
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Where, J1(ξ) is s the Bessel function of the first kind of first order.
F (γ) = φ√
cos2 φ+υ2 sin2 φ
γ = tan−1(υ tanφ)
ξ = kbx sin θ
√





cos2 φ+ υ2 sin2 φ
(2.31)














J21 (ξ) sin θdθ (2.33)









F 2(γ)ℑ(φ, υ)dφ (2.34)
In [12], by using gamma function and beta function, the integral ℑ(φ, υ) solution is shown as below.





where recurrence relation for evaluating the coefficients are defined asai = − 2i+1(i+2)(2i+3)ai−1a0 = 1/2 (2.36)

























[cos2 φ+ υ sin2 φ]idφ (2.39)
In this section, we consider the radiation resistance for a uniform current elliptical loop antenna, which,








Next, if we assume that the elliptical loop is electrically small, which satisfy kbx ≪ 1 condition, then












dφ = π (2.42)
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2.4 Network Parameters
2.4.1 S-parameters
The scattering matrix is a mathematical construct that quantifies how RF energy propagates through a
multi-port network. The S-matrix is what allows us to accurately describe the properties of incredibly
complicated networks as simple "black boxes". For an RF signal incident on one port, some fraction
of that signal gets reflected back out of the incident port, some of it enters into the incident port and
then exits at some or all of the other ports.
Port 1 Port 2
Figure 2.6: 2-port network: S matrix
The input port of this network is 1, the output port is 2, the incident wave to each terminal is defined


















































The above equations for S11 and S21 are derived from network analysis or measurements by setting
the value of the incident signal a2 = 0 and solving for the above S-parameter ratios as a function of
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a1. Similarly, S12 and S22 are derived by setting the value of a1 = 0 and solving for the other ratios.
The 2-port S-parameters have the following generic descriptions:
S11 is the input port voltage reflection coefficient
S12 is the reverse voltage gain
S21 is the forward voltage gain
S22 is the output port voltage reflection coefficient.
Figure 2.7: S-parameters
If the circuit is symmetrical when viewed from both sides of the input and output, hence the input side
and output side may be reversed. In this case, we get S11 = S22 and S12 = S21.
2.4.2 Efficiency of WPT
This four-coil MCR WPT system is composed of four coils which are driving coil, Tx coil, Rx coil,
and load coil. The driving coil is connected to a source with an internal impedance of Zin, and the
load coil is connected to a load impedance ZL. It is more accurate to use a two-port network with
S-parameters to model the WPT system, as shown in Fig.2.8. The transmitting port and the receiving
port are, respectively, denoted as port 1 and port 2. In terms of S-parameters, the power transfer
efficiency ηeff [13]-[1]of the WPT as well-known power gain G of the system is defined by the ratio











where ΓL is the reflection coefficient at load ZL and Γin is the reflection coefficient at port 1. They are
given by:









Figure 2.8: Relevant reflection coefficients for the S-parameter formulation of the PTE [1]
where S11, S21, S12, and S22 are the S-parameters, and Z0 is the reference impedance at each port
that is used for specifying the S-parameters. As illustrated in Fig.2.8, the load impedance is the load
resistance ZL = RL. This can be simplified, using different reference impedances for the input and the
load terminals. By choosing the second reference impedance (In general, the reference impedance is











ηeff = |S21|2 (2.59)
In general, the WPT efficiency based on (2.58) approximates the maximum achievable WPT efficiency,
whereas based on [13], (2.59) calculates the efficiency in a given situation. However, both (2.58) and
(2.5) yield an almost identical maximum WPT efficiency, as shown in Fig.2.9. Hence is this research,
(2.59) is used to calculate efficiency of system.
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Figure 2.9: Efficiency calculated by using Eq.2.58 and Eq.2.59
Here, S-parameter S21 is calculated by using Kirchhoff’s voltage law for the equivalent circuit[8] of
the four-coil MCR WPT.
Figure 2.10: Equivalent circuit of four-coil MCR [8]
Therefore, voltage and current can be calculated by the following equation.
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+ jω(I1M12 − I3M23) = 0
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+ jω(I4M34 − I2M23) = 0
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+ jωI3M34 = 0
(2.60)
Here, assume that Z1, Z2, Z3, Z4 as below,
Z1 = Rs +Rp1 + jωL1 +
1
jωC1
Z2 = Rp2 + jωL2 +
1
jωC2
Z3 = Rp3 + jωL3 +
1
jωC3




(2.67) can be written as
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
I1Z1 + jωI2M12 = Vs
I2Z2 + jω(I1M12 − I3M23) = 0
I3Z3 + jω(I4M34 − I2M23) = 0
I4Z4 + jωI3M34 = 0
(2.62)
Also, above equations also can be written as the following formula.

Z1 jωM12 0 0
jωM12 Z2 −jωM23 0
0 −jωM23 Z3 jωM34














Hence, |S21| can be expressed as below,
|S21| =
∣∣∣∣ 2ω3k12k23k34L2L3√L1L4k212k234L1L4ω4 + Z1Z2Z3Z4 + ω2(k212L1L2Z3L4 + k223L2L3Z1Z4 + k234L3L4Z1Z2)
∣∣∣∣
(2.64)















So, for resonance, |S21| is shown as below
|S21| =
∣∣∣∣ 2k12k23k34Q2Q3√Q1Q41 + k212Q1Q2 + k223Q2Q3 + k234Q3Q4 + k212k234Q1Q2Q3Q4
∣∣∣∣ (2.68)
Chapter 3
Parameter Optimization and Shape Design
In this chapter, we provide insight view of how we optimize the parameters of coil to achieve high
efficiency. Moreover, we also show how we design the geometry shape of the coil to overcome
degradation efficiency of system by misalignment robustness.
3.1 Parameters Optimization
In MCR WPT, quality factor Q is one of the important elements for maximizing the efficiency. The
drive loop is connected to the power source, and it is inductively coupled to the Tx coil. The Tx coil
exhibits a resonant frequency that coincides with the frequency, where its factor is naturally maximum.
Similarly, the Rx coil exhibits a resonant frequency that coincides with the frequency where its factor
is naturally maximum. Furthermore, the load loop is terminated to a load. For our analysis, we
assume that the entire system operates in air[14]-[11]. Also, MCR requires that the Tx and Rx coil
are resonant at the same frequency in order to achieve high efficiency of WPT[11]. In order to achieve
high efficiency, it requires that the transmitter and receiver coil are designed so that they resonate at
the desired operational frequency that must coincide with the frequency of where the elements exhibit
maximum quality factor Q. This thesis analytically derives equations that must be satisfied by the
geometrical parameters of loops in order to guarantee optimal efficiency for MCR WPT systems.
First, From (2.59) and (2.68) the transmission efficiency ηeff and S-parameters are given by the
following equations, respectively.
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In standard 4-coils MCR system, with symmetrical coil structure, we assume thatQ1 = Q4 = Ql, Q2 =


































Then, in order to find the function that predicts the critical coupling point which is the maximum of
|S21| in any distance between Tx and Rx, the derivative of |S21| in (3.3) is taken with respect to kcc














Here, molecule is zero,














26 CHAPTER 3. PARAMETER OPTIMIZATION AND SHAPE DESIGN
Then, substitute kcrit into (??, we can get the maximum of |S21|. The resulting equation represents






























From here, we get the relationship of |S21|kcrit between klc, Ql and Qc. Suppose that, the distance
between drive loop and Tx, and load loop and Rx is fixed. Therefore, plot of |S21|kcrit with respect to
Ql and Qc is shown as Fig.3.1.
Figure 3.1: |S21|kcrit function of Ql and Qc (klc = 0.1)
From Fig.3.1, we understand that to maximize the maximum efficiency which is |S21|2kcrit , high value
































From calculation in Chapter 2, it was found that the resistance due to the proximity effect was very
small comparing to the resistance due to the skin effect. Therefore, in this study, the resistance due to






















































In order to find frequency f that maximize the Q factor, the derivative of Q in (3.17) is taken with








f + Ff 4)−Df(1
2
Ef−1/2 + 4Ff 3) = 0 (3.20)
Multiply both sides by
√
f ,
DEf +DFf 9/2 − 1
2
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Therefore, fmax is substituted into (3.16) to get maximum Q factor. From (3.27), we can obtain the
coil radius rmax[11] that maximize Q factor as below.





























In order to form resonant Tx and Rx coil, a lumped capacitor must be connected on each of these coils.





Where inductance of coil L is calculated by using ANSYS Q3D extractor in this research.
3.2 Designing Shape of Resonator Coil
In this research, similar to the concepts in [15] and [16], the proposed 3 electron-ring shaped of MCR
(3ERMCR) was designed to achieve high maximum efficiency with 2 orthogonal (90 degree) rings
and one horizontal ring. The idea of designing transmitter coil of two coils are constructed by intersect
with each other or two coils face to receiver coil is based on [15] and [16]. In [16], the Butterfly
Shaped Tx coil (BS-Tx coil) structure prototypes as illustrated in Fig.3.2. The BS-Tx coil consists
of two 5 turns square spiral coils (10 cm × 10 cm) which are faced each other at 90 degree and also
supplied by only single power source. Because of two square spiral coils are faced at each other at
90 degree, this create strong magnetic field density at the center as shown in Fig.3.2 on the right side.
The magnetic field synthesis of the coil is focused and forwarded to the receiving area, conducive to
the significant enhancement in the further transfer distance and can confine the efficiency degradation
by the angle misalignment.
Therefore, we proposed 3 electron-ring shaped coil as illustrated in Fig.3.3. This type of model has
an electron-ring shape which has spherical symmetry, and therefore, it is expected to be less sensitive
to angular misalignment. Each of the 2 orthogonal rings is inclined 45 degree respect to the horizontal
ring (Fig.3.4 [Front view]) which created a perfect symmetry and less resistance. Because if the
inclined angles of each rings are too small the proximity effect resistance will be increased. However
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Figure 3.2: BS-Tx coil structure [16]
if the inclined angles of each rings are too big, the mutual inductance between Tx coil and Rx coil
is decrease. Furthermore, this is expected to improve less sensitive to changing position of receiver
because of uniform magnetic field which created by transmitter coil. In Fig.3.3 is the first thought
model, all 3 loops of the coil are connected as shown in Fig.3.3, so the magnetic field of each loop are
focus in the same direction.
Figure 3.3: First thought of 3ERMCR model
In this Fig.3.4 shows the 3D model of proposed model coil in different perspective view of 3ERMCR.
Each of them is constructed by a single continuous copper wire that is bent accordingly to provide the
3-D geometry shown in Fig.3.4. Tx coil consists of 3 rings which are 5 mm smaller in order from
primary to tertiary ring as in Fig.3.4 [Side view]. This is prevent each rings to intersect each which
is the reason, propose model coil can be constructed single continuous wire. This has advantage that
transmitter coil is supplied by a single source with the same AC current. Moreover, port and capacitor
are designed to connect to drive coil and Tx coil respectively as shown in Fig.3.4.
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Figure 3.4: 3D model of 3ERMCR
Chapter 4
Study Models
The first part of this chapter shows the condition of whole system of studied coils such as drive coil,
transmitter coil, receiver coil, and load coil. And later part presents the simulation setup of each
misalignment study.
4.1 Study Models
For comparison, 3 models such as conventional model, 1 electron-ring shaped of MCR (1ERMCR)
which is described in [14] as CSCMR, 2 electron-ring shaped of MCR (2ERMCR-0) with 0 degree turn
as HSCMR[14], 2 electron-ring shaped of MCR with 45 degree turn (2ERMCR-45) are also studied.
Tab.4.1 shows the conditions of examined coil which denoted as radius of primary/secondary/tertiary−wire
cross-sectional. Based on [14], design the size of the drive loop and load loop should be 3/5 of the
resonator size. The entire WPT system is considered as a two-port network. It is assumed in all our
designs that the source and load impedances are 50 Ω.
Table 4.1: Conditions of examined coil
1ERMCR 2ERMCR-0 2ERMCR-45 3ERMCR
Drive[mm] 30-0.8 30/25-0.8 30/25-0.8 25/20/15-0.8
Load[mm] 30-0.8 30-0.8 30-0.8 30-0.8
Tx[mm] 50-2.2 50/45-2.2 50/45-2.2 50/45/40-2.2
Rx[mm] 50-2.2 50-2.2 50-2.2 50-2.2
Each 3D-models of transmitting and receiving side of each model are shown in Fig.4.1. Each model was
designed for optimal performance by using Eq.3.27 and Eq.3.29 to achieve best maximum efficiency.
For example, for 80 MHz operating frequency, by using Eq.3.29, we can determine the Tx and Rx
coil radius and wire cross-sectional to achieve best maximum efficiency which is approximately 50
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mm and 2.2 mm. Based on [11], the ratio between the radius and the cross-sectional radius must
be approximately 9.52 in order to achieve the maximum Q factor. This ratio is also independent of
frequency and material. Moreover, for space limitation in electronics device such as bio-implanted
devices, in power receiving side, one plat loop is used as Rx and load coil.
(a) 1ERMCR model (b) 2ERMCR-0 model
(c) 2ERMCR-45 model (d) 3ERMCR model
Figure 4.1: 3D model of transmitter and receiver of each studied model
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4.2 Misalignment Study
In this study, we performed simulations by using ANSYS HFSS. We studied misalignment into 3 cases
such as displacement of distance, lateral misalignment (X-axis and Y-axis) and angular misalignment.
4.2.1 Displacement of Distance
In displacement of distance case, the power receiving side is moved away from the power transmitting
side from 60 mm to 180 mm in the Z-axis direction as shown in Fig.4.2.
Figure 4.2: Study of displacement of distance
4.2.2 Lateral Misalignment in X-axis and Y-axis
In lateral misalignment case, we separate into two cases which are lateral misalignment in X-axis and
Y-axis. This is because some models are not perfectly symmetric in both X-axis and Y-axis. For
lateral misalignment in X-axis, there are also 2 cases. First the receiving side is fixed at 120 mm
(Z-axis) from the power transmitting side, and moved from 0 mm to 120 mm in the X-axis direction.
Second the receiving side is fixed at the peak of each model such as for 1ERMCR: DTR = 100 mm,
2ERMCR0: DTR = 90 mm, 2ERMCR45: DTR = 110 mm and 3ERMCR: DTR = 120 mm. And from
each distance of the receiving side is moved from 0 mm to 120 mm in the X-axis direction. Similarly,
for lateral misalignment in Y-axis. All the setups are the same as X-axis excepted changes to Y-axis as
shown in Fig.4.3.
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Figure 4.3: Study of lateral misalignment in X-axis and Y-axis
4.2.3 Angular Misalignment
In angular misalignment case, the receiving side is fixed at its best of each model such as, for 1ERMCR:
DTR = 100 mm, 2ERMCR0: DTR = 90 mm, 2ERMCR45: DTR = 110 mm and 3ERMCR: DTR = 120
mm. And receiving side is moved around Y-axis from 0 degree to 90 degree. Except for 2ERMCR-0
model, Y-axis is rotated from 0 degree to 80 degree. This is because at 90 degree, the Rx coil is on
top of one loop of Tx coil as shown in Fig.4.4.
Figure 4.4: Study of angular misalignment
Chapter 5
Simulation Result
Up to the previous chapter, the simulation setups of each misalignment study are explained. This
chapter describes as well as explains phenomenon of simulation result and evaluation of each model.
Moreover, magnetic field and electric field density and vector are also included in this chapter in order
to fully understand the characteristics of each model. Last, in this chapter concluded with sensitivity
analysis which is the method to supplement of evaluation.
5.1 Coil Inductance and Resonance Frequency
5.1.1 Coil Inductance by ANSYS Q3D
In order to find resonance frequency, ANSYS Q3D Extractor is used to extract the parameters such as
inductance of Tx coil which has complex 3D model. Simulation results of each Tx coil’s inductance
from Q3D are shown in Fig.5.1.
(a) 1ERMCR (b) 2ERMCR0 and 2ERMCR45 (c) 3ERMCR
Figure 5.1: Frequency characteristics of inductance
From Fig.5.1 , all model has the same frequency characteristics which is the inductance decreased in
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frequency band from few kHz to few hundreds of MHz. To explain this phenomenon, we consider
coil is consisted of inductance (L) and parasitic capacitance (C). Considering an equivalent circuit in
which inductance and capacitance are connected in parallel, the effect of capacitance at low frequencies
(0 ∼ 1kHz) it can be used as pure inductance. When increasing frequency (kHz ∼ MHz) high enough,
parasitic capacitance becomes a non-negligible factor, so the inductance has decreased equivalently.
However at very high frequency (MHz ∼ GHz), when the frequency is high enough, AC resistance
such as skin effect is increasing due to polarization phenomenon (lower permittivity). Because of
magnitude of capacitance depends on the area and distance between two adjacent conductors and
the permittivity of the insulator between conductors. Hence capacitor is decrease again, this lead to
constant of inducatance
5.1.2 Resonance Frequency
For each model, operated resonance frequency, results of coil inductance from Q3D and connected
capacitor are shown in Tab.5.1. In order to resonate the system, capacitor is needed to connect to Tx
and Rx coil. Theoretically, connected capacitor can be calculated by using (3.29). However, because
of existing of parasitic capacitor of the Tx coil, the exact value of connected capacitor which is shown
in Table. 2 is slightly smaller than the result of using (3.29).
Table 5.1: Setup L, C and f
1ERMCR 2ERMCR-0 2ERMCR-45 3ERMCR
f [MHz] 76.2 79.33 79.33 80.13
L [nH] 197.3 368.6 368.6 709.6
C [pF] 22 19.9 19.9 3.7
5.2 Displacement of Distance
Simulation results in Fig.5.2 shows the frequency characteristic of |S21| and displacement of each
model. From simulation results in Fig.5.2 (a), Fig.5.2 (b), Fig.5.2 (c) and Fig.5.2 (d), resonance
frequency is splitting into two for small distance between transmitter and receiver side and when the
distance is getting bigger the peak of |S21| become one and decrease when the distance is larger enough.
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(a) 1ERMCR (b) 2ERMCR0
(c) 2ERMCR45 (d) 3ERMCR
Figure 5.2: Frequency characteristics of displacement of distance
Figure 5.3: Efficiency and displacement of distance
Fig.5.3 shows the comparisons of 4 models of efficiency versus displacement of distance. From
Fig.5.3, both 1ERMCR and 3ERMCR have approximately the same highest maximum efficiency at
93%. However, 3ERMCR has maximum efficiency at the distance of 120 mm and 1ERMCR is at
100 mm. On the other hand, 2ERMCR-0 and 2ERMCR-45 have approximately the same maximum
efficiency at 84%. However, 2ERMCR-45 has maximum efficiency at the distance of 110 mm and
2ERMCR-0 is at 90 mm.
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Table 5.2: Each model best distance from transmitter to receiver in Z-axis (DTR [mm])
1ERMCR [mm] 2ERMCR-0 [mm] 2ERMCR-45 [mm] 3ERMCR [mm]
DTR 100 90 110 120
5.3 Lateral Misalignment
For lateral misalignment in X-axis and Y-axis are studied into 2 cases.
• Case 1: The distance between power transmitting side and receiving side is fixed at DTR = 120 mm
in Z-axis.
• Case 2: The distance between power transmitting side and receiving side is fixed at the best of each
model such as for 1ERMCR: DTR = 100 mm, 2ERMCR-0: DTR = 90 mm, 2ERMCR-45: DTR =
110 mm and 3ERMCR: DTR = 120 mm in Z-axis.
5.3.1 Lateral Misalignment in X-axis
• Case 1
(a) 1ERMCR DTR=120 mm (b) 2ERMCR0 DTR=120 mm
(c) 2ERMCR45 DTR=120 mm (d) 3ERMCR DTR=120 mm
Figure 5.4: Frequency characteristics of lateral misalignment in X-axis
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Simulation results in Fig.5.4 shows the frequency characteristics of |S21| and lateral misalignment
in X-axis in case 1. From Fig.5.4 (a), Fig.5.4 (b), Fig.5.4 (c) and Fig.5.4 (d), |S21| is only one
frequency peak and when the misalignment distance is getting bigger, the |S21| decreases especially
for 2ERMCR-0, decreases significantly from 20 mm to 80 mm. However, from Fig. 5.4 (b), we
noticed that |S21| of lateral misalignment at 120 mm is bigger than 100 mm. We will discuss the
reason of this effect in magnetic field and electric field simulation result section.
Figure 5.5: Efficiency and lateral misalignment in X axis (DTR=120 mm)
The comparisons of 4 models of efficiency versus lateral misalignment in X-axis in case 1 is shown
in Fig.5.5. From Fig.5.5, 3ERMCR still has the same highest maximum efficiency of 93%. And
1ERMCR, 2ERMCR-0 and 2ERMCR-45 have maximum efficiency respectively 82%, 79% and
59%.
• Case 2
Simulation results of frequency characteristics of |S21| and lateral misalignment in X-axis in case 2
are shown as in Fig.5.6. Similarly, from Fig.5.6 (a), Fig.5.6 (b), Fig.5.6 (c) and Fig.5.6 (d), |S21|
is only one frequency peak and when the misalignment distance is getting bigger, the maximum of
|S21| decreases especially for 2ERMCR-0, decreases significantly from 0 mm to 60 mm. However,
for 2ERMCR-0 and 2ERMCR-45 have slight bigger maximum efficiency approximately 85%. And
we noticed that the same for 2ERMCR-0, |S21| of lateral misalignment at 120 mm is bigger than 60
mm. We will discuss the reason of this effect in magnetic field and electric field simulation result
section.
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(a) 1ERMCR DTR=100 mm (b) 2ERMCR0 DTR=90 mm
(c) 2ERMCR45 DTR=110 mm (d) 2ERMCR0 DTR=120 mm
Figure 5.6: Frequency characteristics of lateral misalignment in X-axis
Figure 5.7: Efficiency and lateral misalignment in X-axis
The comparisons of 4 models of efficiency versus lateral misalignment in X-axis in case 2 are
shown as in Fig.5.6. From Fig.5.6, 1ERMCR and 3 ERMCR have the same characteristics of
efficiency versus lateral misalignment in X-axis, but 1ERMCR has slightly higher efficiency about
1% or 2%. For 2ERMCR-45 has maximum efficiency at 85%, and slowly decrease when the lateral
misalignment is getting bigger. However, for 2ERMCR-0 has maximum efficiency at 86%, when
the receiver move away from 0 mm the efficiency is slightly getting bigger. However, from 20 mm
to 60 mm, efficiency rapidly decreases nearly 0% and start to increase again from 60 to 120 mm.
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5.3.2 Lateral Misalignment in Y-axis
• Case 1
(a) 1ERMCR (DTR=120 mm) (b) 2ERMCR0 (DTR=120 mm)
(c) 2ERMCR45 (DTR=120 mm) (d) 3ERMCR (DTR=120 mm)
Figure 5.8: Frequency characteristics of lateral misalignment in Y-axis
Simulation results of frequency characteristics of |S21| and lateral misalignment in Y-axis in case
1 are shown as in Fig.5.8. From Fig.5.8 (a), Fig.5.8 (b), Fig.5.8 (c) and Fig.5.8 (d), |S21| is only
one frequency peak and when the misalignment distance is getting bigger, the maximum of |S21|
decreases especially for 2ERMCR-0. However, we did not see abnormal characteristic of |S21| for
2ERMCR-0 in lateral misalignment in Y-axis.
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Figure 5.9: Efficiency and lateral misalignment in Y-axis (DTR=120 mm)
Fig.5.9 shows the comparison of 4 models of efficiency versus lateral misalignment in Y-axis in case
1. From Fig.5.9, 3ERMCR still has the same highest maximum efficiency of 93%. And 1ERMCR,
2ERMCR-0 and 2ERMCR-45 have maximum efficiency respectively 82%, 79% and 59%.
• Case 2
(a) 1ERMCR DTR=100 mm (b) 2ERMCR0 DTR=90 mm
(c) 2ERMCR45 DTR=110 mm (d) 3ERMCR DTR=120 mm
Figure 5.10: Frequency characteristics of lateral misalignment in Y-axis
Simulation results of frequency characteristics of |S21| and lateral misalignment in Y-axis in case
2 are shown as in Fig.5.10. Similarly, from Fig.5.10 (a), Fig.5.10 (b), Fig.5.10 (c) and Fig.5.10
(d), |S21| is only one frequency peak and when the misalignment distance is getting bigger, the
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maximum of |S21| decreases significantly for 2ERMCR-0. Moreover, we did not see any abnormal
characteristics of |S21| for 2ERMCR-0 in lateral misalignment in Y-axis.
Figure 5.11: Efficiency and lateral misalignment in Y-axis
The comparison of 4 models of efficiency versus lateral misalignment in Y-axis in case 2 is shown
in Fig.5.11. From Fig.5.11, 1ERMCR and 3 ERMCR have approximately the same maximum
of efficiency at 94% at Y= 0 mm. But the efficiency of 1ERMCR decrease slightly faster than
3ERMCR from 40 mm. From Fig.5.11, 2ERMCR-0 and 2ERMCR-45 have the same characteristics
of efficiency versus lateral misalignment in Y-axis.
5.3.3 Comparison of Lateral Misalignment in X-axis and Y-axis
• 2ERMCR-0
(a) DTR = 120 mm (b) DTR = 90 mm
Figure 5.12: Efficiency and lateral misalignment between X-axis and Y-axis
The comparisons between efficiency versus lateral misalignment in X-axis and Y-axis of 2ERMCR-0
model are shown in Fig.5.12. Fig.5.12 (a) is in DTR = 120 mm case and Fig.5.12 (b) is DTR = 90
mm case. Both cases have the same characteristic which is the difference between X-axis and Y-axis
is big. And the efficiency in Y-axis is higher than X-axis.
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• 2ERMCR-45
(a) DTR = 120 mm (b) DTR = 110 mm
Figure 5.13: Efficiency and lateral misalignment between X-axis and Y-axis
The comparisons between efficiency versus lateral misalignment in X-axis and Y-axis of 2ERMCR-
45 model are shown in Fig.5.13. Different from 2ERMCR-0, Fig.5.13 (a) DTR = 120 mm and (b)
DTR = 110 mm case have the same characteristic which is the difference between efficiency of lateral
misalignment in X-axis and Y-axis is small. However the efficiency in Y-axis is slightly higher than
X-axis.
• 3ERMCR
Figure 5.14: Efficiency and lateral misalignment between X-axis and Y-axis (DTR = 120 mm)
The comparisons between efficiency versus lateral misalignment in X-axis and Y-axis of 3ERMCR
model are shown in Fig.5.14. Same as 2ERMCR-45, Fig.5.14 DTR = 120 mm case have the same
characteristic which is the difference between efficiency of lateral misalignment X-axis and Y-axis
is small. However the efficiency in Y-axis is slightly higher than X-axis.
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5.3.4 Simulation Results of Magnetic Field and Electric Field
From simulation results above, we understand some of characteristic of each models by comparing each
other. However, we also noticed some abnormal characteristics. Hence, all of those characteristics
will be discussed in this section. Those characteristics are summarized as below.
• For 2ERMCR-45 and 3ERMCR model, the efficiency versus lateral misalignment in Y-axis is
slightly higher than X-axis
To understand about this characteristics, we need to see the magnetic field of 2ERMCR-45 and
3ERMCR model which are shown in Fig.5.17 and Fig.5.18. From Fig.5.17 (e) and Fig.5.18 (e),
magnitude of magnetic field H in YZ plane shows that strong magnetic field H shape is like a ring
which mean when receiver start to move away from center in Y-axis, the receiver also move away
from small part of strong magnetic field first, this results in slowly decrease of |S21|. On the other
hands, From Fig.5.17 (c) and Fig.5.18 (c), magnitude of magnetic field H in XZ plane shows that
strong magnetic field H shape is like a rectangle for 2ERMCR-45 and not perfectly ring shape for
3ERMCR. This mean when receiver start to move away in X-axis, it start to move away from bigger
part of strong magnetic field compare to Y-axis. This result in decreasing rate of |S21| as well as
efficiency in X-axis is faster than in Y-axis.
• For 2ERMCR-0 model, different from 2ERMCR-45 and 3ERMCR model, the efficiency in
Y-axis is much higher than X-axis
To understand about this characteristics, we need to see the magnetic field of 2ERMCR-0 model
which is shown in Fig.5.16. From Fig.5.16 (c), magnitude of magnetic field H in XZ plane shows
that strong magnetic field H is shape like inclined rectangle which big part of strong magnetic field
is in (-XZ) plane and small part is in (+XZ). Therefore, when receiver is moved away in positive
X-axis, the receiver start to move away from big part of strong magnetic field first which is in (-XZ)
plane. This caused the magnetic flux flow across receiver coil significant decreased, in result of
significant loss of |S21| as well as efficiency.
• For 2ERMCR-0 model, |S21| is getting bigger when the distance of lateral misalignment is big
enough in X-axis (Case 1: start from 100 mm, Case 2: start from 60 mm)
To understand about this abnormal characteristics easily, we need to see the vector of magnetic field
of 2ERMCR-0 model which is shown in Fig.5.19. From Fig.5.19, vector of magnetic field H in XZ
plane shows that strong magnetic field H when the receiver move away in X-axis. At X = 0 mm,
most of the magnetic flux flow across receiver coil is strong. However, when the receiver is moved to
X = 60 mm, most of the vector of magnetic flux is parallel to the receiver coil which mean magnetic
flux does not flow across receiver coil. This result in significant decreasing of |S21|. But, when the
receiver is at X = 120 mm, the magnetic flux starts to flow across receiver coil again. This lead to
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increasing of |S21| again. From Fig.5.19, we can guess that, for case 1 which is the receiver side is
fixed at 120 mm in Z-axis, also has the same characteristic. Because the magnetic flux vectors are
parallel to receiver at around X = 100 mm (Z = 120 mm).
• 1ERMCR model
(a) Magnetic field H in XY plane (b) Electric field E in XY plane
(c) Magnetic field H in XZ plane (d) Electric field E in XZ plane
(e) Magnetic field H in YZ plane (f) Electric field E in YZ plane
Figure 5.15: Magnetic field H and Electric field E of 1ERMCR model
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• 2ERMCR-0 model
(a) Magnetic field H in XY plane (b) Electric field E in XY plane
(c) Magnetic field H in XZ plane (d) Electric field E in XZ plane
(e) Magnetic field H in YZ plane (f) Electric field E in YZ plane
Figure 5.16: Magnetic field H and Electric field E of 2ERMCR0 model
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• 2ERMCR-45 model
(a) Magnetic field H in XY plane (b) Electric field E in XY plane
(c) Magnetic field H in XZ plane (d) Electric field E in XZ plane
(e) Magnetic field H in YZ plane (f) Electric field E in YZ plane
Figure 5.17: Magnetic field H and Electric field E of 2ERMCR45 model
50 CHAPTER 5. SIMULATION RESULT
• 3ERMCR model
(a) Magnetic field H in XY plane (b) Electric field E in XY plane
(c) Magnetic field H in XZ plane (d) Electric field E in XZ plane
(e) Magnetic field H in YZ plane (f) Electric field E in YZ plane
Figure 5.18: Magnetic field H and Electric field E of 3ERMCR model
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(a) X= 0 [mm] (b) X= 60 [mm] (c) X= 120 [mm]
Figure 5.19: Vector of Magnetic field H of 2ERMCR0 model (DTR = 90 mm)
5.4 Angular Misalignment
(a) 1ERMCR DTR = 100 mm (b) 2ERMCR0 DTR = 90 mm
(c) 2ERMCR45 DTR = 110 mm (d) 3ERMCR DTR = 120 mm
Figure 5.20: Frequency characteristics of angular misalignment
Simulation results of frequency characteristics of of |S21| versus angular misalignment when the
receiver of each model are moved from each best position such as for 1ERMCR: 100 mm, 2ERMCR0:
90 mm, 2ERMCR45: 110 mm and 3ERMCR: 120 mm are shown as in Fig.5.20. Similarly, from
Fig.5.20 (a), Fig.5.20 (b), Fig.5.20 (c) and Fig.5.20 (d), |S21| is only one frequency peak and when the
angular misalignment is getting bigger, the maximum of |S21| slowly decreases.
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Figure 5.21: Efficiency and angular misalignment
Fig.5.21 shows the comparisons of 4 models of efficiency versus angular misalignment. From Fig.5.21,
1ERMCR and 3ERMCR have approximately the same maximum of efficiency at 94% at 0 degree of
angular misalignment. But the efficiency of 1ERMCR started to drop at 60 degree which is smaller
than 3ERMCR at 70 degree. For 2ERMCR-45 is similarly to 3ERMCR model which is the efficiency
started to drop at 70 degree. However 2ERMCR45 has lower maximum efficiency at 85%. Moreover,
for 2ERMCR-0 model has stable efficiency with angular misalignment. We consider one of the reasons
in this causes, 2ERMCR-0 model the receiver is so close to transmitter which is 90 mm. Therefore,
even the receiver coil is rotated around, the magnetic flux cross the receiver coil does not change. This
result in, angular misalignment has small affect to 2ERMCR-0 model.
5.5 Sensitivity Analysis
Sensitivity analysis is defined as the study of how uncertainty in the output of a model can be attributed
to different sources of uncertainty in the model input. In the context of using, sensitivity analysis refers
to understanding how the parameters and states (optimization design variables) of a model or how
change in the design, influence the performance or characterization of system [21]. Sensitivity analysis
has some advantages such as physical experiments can often only be run a limited number of times
and can be expensive and time-consuming. Therefore, when performing a sensitivity analysis on a
model with many parameters, limiting the number of parameter combinations to be studied is very
important. There is no limit to the number of times a computer simulation can be run, but they are
often time-consuming. Moreover, the number of parameters in a computer model is often very large
and the range of variation for each of these parameters is often larger than in physical experiments.
Although there are fundamental differences between physical experiments and computer simulations,
the techniques of design of experiments that were originally developed for physical experimentation
can also be used to investigate the sensitivity of a computer model to its parameters with a minimum
of computational time.
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In this research, there are two main parameters that can strongly affect the efficiency of the system.
One is radius of the coil and another one is cross-section radius of the coil wire. However, we only
study the sensitivity analysis of radius of the coil. We focus on the changing of radius of the coil,
because radius of the coil can be easily changed or error by human hand when making complex
structure model. Moreover, the cross-section radius the coil wire can be chosen exactly size from
factory when purchase.
• Case A: Changing of only radius (R1) of 3ERMCR model
Table 5.3: Sensitivity Analysis for transmitter of 3ERMCR model
Sensitivity parameter ϵ R1 = 50[mm]
ϵ = +1% R1 + ϵ1 = 50.5[mm]
ϵ = +3% R1 + ϵ1 = 51.5[mm]
ϵ = +5% R1 + ϵ1 = 52.5[mm]
Figure 5.22: Frequency characteristics of sensitivity parameter ϵ (DTR = 120 mm)
Simulation result of frequency characteristics of sensitivity parameter ϵ in case A is shown in Fig.5.22.
From Fig.5.22, we understand that value of sensitivity parameter ϵ is getting bigger, peak of |S21|
is moved to lower resonance frequency. However, we noticed that, when ϵ is +3%, the splitting
frequency happened. Even though, we are not quite sure yet what are the causes of this splitting
frequency. This is not a surprising characteristic either. Normally, splitting frequency happen when
the distance between transmitter and receiver are changed, this causes mutual inductance between
transmitter and receiver to change. Therefore, changing of transmitter coil inductance also affect to
mutual inductance. Furthermore, there are also the possibilities of computational error of ANSYS
HFSS with interpolating frequency sweep (Error tolerance: 5% setup) because simulation result
above (Fig.5.22) is only one time simulated. To fully understand about this characteristic, more
simulations with wider range of sensitivity parameters such as −3% and more higher accuracy setup
of ANSYS HFSS are needed to be conducted.
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Figure 5.23: Efficiency and sensitivity parameter ϵ in case A
Simulation result of Efficiency and sensitivity parameter ϵ in case A are shown in Fig.5.23. From
Fig.5.23, we understand that with changing of only one radius have much less affect to the efficiency.
Moreover, because of at ϵ is +3%, the splitting frequency is happened, the efficiency at +3% is
lower than at +5%. Hence from simulation results above, even sensitivity parameter ϵ is up to +5%,
the efficiency is still hold at minimum at 70%.
• Case B: Changing of all three radius (R1, R2, R3) of 3ERMCR model
Table 5.4: Sensitivity Analysis for transmitter of 3ERMCR model
Sensitivity parameter ϵ R1 = 50[mm] R2 = 45[mm] R3 = 40[mm]
ϵ = +1% R1 + ϵ1 = 50.5[mm] R2+ ϵ2 = 45.45[mm] R3 + ϵ3 = 40.4[mm]
ϵ = +3% R1 + ϵ1 = 51.5[mm] R2+ ϵ2 = 46.35[mm] R3 + ϵ3 = 41.2[mm]
ϵ = +5% R1 + ϵ1 = 52.5[mm] R2+ ϵ2 = 47.25[mm] R3 + ϵ3 = 42[mm]
ϵ = −1% R1 + ϵ1 = 49.5[mm] R2+ ϵ2 = 44.55[mm] R3 + ϵ3 = 39.6[mm]
ϵ = −3% R1 + ϵ1 = 48.5[mm] R2+ ϵ2 = 43.65[mm] R3 + ϵ3 = 38.8[mm]
ϵ = −5% R1 + ϵ1 = 47.5[mm] R2+ ϵ2 = 42.75[mm] R3 + ϵ3 = 38[mm]
Figure 5.24: Frequency characteristics of sensitivity parameter ϵ (DTR = 120 mm)
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Simulation result of frequency characteristics of sensitivity parameter ϵ in case B are shown Fig.5.24.
From Fig.5.24, we understand that absolute value of sensitivity parameter ϵ is getting bigger, |S21|
is getting smaller. Moreover, we noticed that, when ϵ is getting bigger +1%, +3%, +5%, resonance
frequency decreases. This is because for ϵ = +1%,+3%,+5%, mean that the size of the coil
is slightly getting bigger. In result, the inductance of transmitter coil is increased. Similarly, for
when ϵ is getting smaller −1%, −3%, −5%, resonance frequency increases. This is because for
ϵ = −1%,−3%,−5%, mean that the size of the coil is slightly getting smaller which makes the
inductance of transmitter coil is decreased.
Figure 5.25: Efficiency and sensitivity parameter ϵ in case B
Simulation result of Efficiency and sensitivity parameter ϵ in case B are in shown Fig.5.25. From
Fig.5.25, if ϵ is zero, the efficiency is approximately 94%. However, when ϵ is −1% and +1%, the
efficiency is dropped over 10% to 78% for ϵ is −1% to 83% for ϵ is +1%. And the efficiency rapidly
decreases, when ϵ is getting bigger to −5% and +5%. Moreover, we noticed that, the efficiency of
positive and negative ϵ is almost symmetric but, when ϵ is positive the efficiency is slightly higher
compare to ϵ is negative. This is because for positive ϵ the size of coil is bigger than the size of coil
of negative ϵ. Compare to case A, in case B the sensitivity of changing all radius of coil has stronger
sensitivity to the proposed model (3ERMCR).
5.6 Evaluation
In this research, We evaluate misalignment of each model in 4 cases which are displacement of
distance, lateral misalignment in X-axis in case 2, lateral misalignment in Y-axis in case 2 and angular
misalignment. And each case is divided in 2 factors such as maximum efficiency and the range of
70% efficiency. Here we chose 70% because wired charging efficiency is about 85% and current Qi
wireless charging is over 75%. Fig.5.22 shows the comparison of each models with the 8 factors which
are explained above.
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Figure 5.26: Evaluation of each model
From this chart as in Fig.5.22, we understand that the model 3ERMCR has the biggest advantage over
other models. Especially, its range of 70% efficiency in lateral misalignment in Y-axis and angular
misalignment is respectively up to 75 mm and 73 degree. Moreover, maximum efficiency is the highest
at 93%. From sensitivity analysis, we understand that this model has less sensitivity to changing of one
radius than changing all the radius. However, since 3ERMCR model has complexity shape, therefore
to construct 3ERMCR model, in order to achieve high efficiency, using machinery or shaped block of
that model are recommended.
Chapter 6
Conclusion
The purpose of this research is to improve the maximum efficiency of system and provide less sensitive
coil to misalignment of receiver which is mainly used is small free space devices such as biomedical and
implanted devices. Simulation results showed that proposed model, provide maximum efficiency of
system up to 93% and has wider range for minimum 70% efficiency in lateral misalignment in Y-axis and
angular misalignment are respectively up to 75 mm and 73 degree. We demonstrated that, for 3ERMCR
with symmetric three loops create strong uniform magnetic field which maximizes transmission
efficiency and improve robustness of lateral misalignment in Y-axis and angular misalignment. From
sensitivity analysis, we understand that for 3ERMCR, small changes of first loop radius of Tx coil has
small affect to efficiency. However, this model has stronger sensitivity with error of all radius Tx coil.
In addition, the work in this paper has provided a deeper understanding of optimizing the parameters
of coil and designing the shape of the coil. Moreover for proposed model 3ERMCR, even though
angular misalignment by rotating X-axis is not conducted, from Fig.6.1 we understand the uniform
of magnetic field of XZ and YZ is almost the same which mean angular misalignment by rotating
X-axis has the same characteristic as in Y-axis. For future works, the angle of the two orthogonal
loops and horizontal loop can affect the resistance and the mutual inductance of transmitter, therefore
it is necessary to be optimized to achieve high efficiency.
(a) XZ plan view (b) YZ plan view
Figure 6.1: Vector of Magnetic field H of 3ERMCR model
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